The present designs of ship structures are mainly based on the theories in which deflection of structure is not more than the order of plate thickness.
Introduction
A ship's hull is a complex structural system consisting of plating attached through weldments to longitudinal stiffeners, transverse frames, bulkheads and web girders. Each component of the hull deforms and fails in its own way, and also interacts with its neighboring elements. From the standpoint that the function of ship's structural system is to provide resistance for normal operations, the objective in structural design is to maintain structural integrity of the hull girder, of bulkheads, bottom, decks, and of plating, stiffeners and details. Designs up to date are mainly based on the theories in which the deflection is not more than the order of the plate thickness (path abc in Fig. 1 ) .
When ship plates are subjected to extraordinary large load, such as when the ship is in the process of collision and grounding, the external loads are usually far larger than the ultimate strength of ship plates. The deflections are far beyond the dimension of plate thickness (paths cd, cd', cd "and cd''' in Fig. 1 ). Deformation of ship plates is plastic. In many situations, rupture of structure occurs, making the damage process even more complicated. In terms of casualty operations, the objective of ship design is to maintain vessel's integrity and to protect cargo, or conversely to protect the environment from pollution due to the cargo spillage in case of a casualty. The existing design experience can not be applied in accident cases, because the damage phenomenon of ship structures are very complicated and can not be explained by the existing theories supporting the designs up to date.
New theory about the post-yield behavior of ship plates should be developed in order to design against possible accidents. This paper is an attempt to extend the present theory about the strength of ship plates.
Rather than using numerical analysis, this paper employs plasticity theory to investigate the failure modes of ship plates subjected to large load. Six structural failure modes are discussed that are characteristic of the behaviors of ship plates when subjected to very large load. New prediction formulas for the resistance load or mean resistance load are derived. The special problems such as the contribution of rupture to the energy dissipation, the influence of the geometry of loading object are investigated as well.
Post-Yield Failure Modes of Ship Plates
The disaster of Exxon Valdez and several other tanker accidents that caused oil outflow created public sensations over the need for environmental protection, and precipitated the discussions on the ways of preventing accidental oil spills". As the result of the research efforts to assess the structural strength in ship accidents, many new structural failure modes have been identified which can not be explained by existing theories. Discussions on these failure modes expand the theory regarding the behavior of ship plates.
2. 1 Plate tearing When a ship runs aground, the bottom structure may be severed open and pushed sideways. The bottom shell plate is pierced through and torn by the seabed reef. The kinetic energy of the ship is dissipated by the membrane stress and bending stress in the bottom plate, and by friction between seabed and bottom shell. Two different damage patterns have been observed. If the rupture line of the plate runs in front of the wedge, the phenomenon is idealized as the tearing of plate (Fig. 2) . If the crack lines run mainly along the welding lines of bottom plate and stiffeners, this phenomenon is the concertina tearing of plate (Fig. 3) . In the recent large -scale grounding tests of ASIS2) , damages are spotted that are very similar to the tearing mode and concertina tearing mode.
2 Laterally loaded plate
When a piece of shell plate is pushed by an intruding bow (the case of collision) or a seabed reef (the case of grounding or stranding) it stretches in all possible directions to resist against the external load. The geometry of the plate is greatly changed. The behavior of the shell plate is usually modeled as a beam subjected to lateral load (Fig. 4) or a plate subjected to point load (Fig. 5 ) .
3 Structural folding
Structural folding is a usually observed phenomenon in damaged ship structures.
During side impact, the deck and stringer plates bulge out of their original planes, and fold in front of the intruding bow. This damage process is usually idealized as a plate subjected to concentrated load acted at the edge of the plate. Wang and Ohtsubo3) term this phenomenon denting of plate (Fig. 6) . During bow collision, the axial folding of structures is the primary phenomenon. This damage process can be described by the failure mode of the axial crushing of thin-walled structures (Fig. 7) .
Prediction Formulas
Steel material that is used in ship building has a considerable reserve capacity beyond the initial yield point. In particular, it has been observed that disregarding the influence of material elasticity and stress wave effects leads to the simplified rigid-perfectly plastic methods of analysis.
This simplification allows the principal characteristics and the overall features of the structural response to be obtained fairly simple for many important practical cases. The equilibrium of a loaded structure can be expres- 
It is found that the prediction results (based on Eq. 2) are smaller than the experimental data, especially for the cases in which the blunt indenter was used. Sharpness of the indenter tip may have influence, because the folded metal sheet has to follow the outline of the indenter. Eqs. 3 and 4 are effective for sharp indenter, however underestimate the strength when the indenter is blunt.
3. 2 Laterally loaded plate The load-carrying capacity of plate and beam has been one of the basic topics of structural mechanics'). The possible load-deflection relationship is something similar to path ad'"in Fig. 1 . Due to the finite deflection, the load increases with the development of deflection. For a beam subjected to concentrated load at its midspan, its behavior is dominated by the in-plane membrane stress. The load-deflection relationship can be approximated as. (5) where 
The rate of membrane strain is then,
The ratio of membrane strain energy is,
If the displacement of the rigid sphere is J, the velocity of it is,
The contribution from the bending stress is small for deflections far largar than plate thickness, therefore, neglected in the analysis. Using the simple plastic theory expressed by Eq. 1, the following formula is derived for the load-deflection relationship.
while (11) where 
3 Structural folding
Bending stress plays important role when structural folding occurs. The mean resistance is often used to represent the load-carrying capacity in view point of the energy absorption.
For the denting failure of plate (Fig. 6 ), Wang and Ohtsubo3) proposed a kinematic model in which six plastic hinges are assumed. The energy dissipation is due. to the bending stress in these hinges and the membrane stress in the regions surrounded by these hinges. The possible load-deflection relationship is similar to path abcd' in Fig. 1 . The mean resistance load of a dented plate is as the following3). (14) where, Ob is the yield flow stress, t is the thickness, and 2b is the width of the denting mechanism. This equation is effective for the case of concentrated load, representing sharp indenter. The general case is a round indenter or an indenter with flat front. The mean strength of the dented plate becomes bigger, for the plate can not be completely flattened when the indenter is sharp.
A general formula for the mean strength is, to the energy dissipation were negligibly small, therefore, they are not considered when calculating the resistance load in the present analysis. During indentation, the stringer deck failed by the denting mode and several folds were observed, while the damage of side shell was mainly due to large membrane stress, its behavior can be modeled as a beam model. The static test results are shown in Fig. 13 , together with the prediction results based on the obtained formulas for the denting plate and the stretching of plate. Here because the bow model had a wide front surface, 0.667 is used for A, as an effective crush distance factor. A brief discussion on the effective crushing length is in the paragraph after Eq. 13. Predicted resistance compares well with the experimental data. For indentation larger than 300 mm, the prediction is a little lower than the test data. At indentation of about 600 mm failure of weld between the stringer deck and transverse web occurred, followed by the rupture of the side shell14 ) . How to predict the residual strength of the broken structure remains a topic for future research.
The prediction results show that the folding length is 310 mm approximately, which is an appropriate indication of the real folding length. When compressed between two rigid plane (Fig. 7) , plated structure absorbs the energy through the formation of a complicated pattern of folds or wrinkles15 ) . Usually these wrinkles develop sequentially from one end of the structure so that the phenomenon is known as progressive crushing.
In Fig. 1 path abcd"shows the characteristic load-end shortening relationship. Fluctuation in the load-end shortening curve is usually ignored in calculating the energy absorption capability15). As an example the crushing strength of an L-shaped structure (Fig. 7) is shown below" ) , (13 ) where, A is the transverse area of the L-shaped element, A is the factor for the effective crushing length, and 8 is the ratio of the width to thickness of the plate flange (a= b/t). The assumed rigid-perfectly plastic material admits slope discontinuity at stationary hinges. The theoretical hinge lines are actually shells having curvatures. The presence of radius results in the reduction of the effective crushing distance16) . It is found that during structural folding process the structure can be compressed up to 0.60 to nearly 1.0 of its original length"), depending on many factors such as the shape of loading object, whether the structure is stiffened or not stiffened, etc.. Abramowicz16 )concluded from his theoretical analysis that A is approximately 0.70. For simplicity it is assumed in this paper that A is 1.0 for sharp indenter and 0.667 for blunt indenter. 4 . Applications plates, that is, the tearing mode, the concertina tearing mode and the denting mode, the beam model was used to represent the transverse structures such as the floors. They successfully applied their method in predicting the large scale grounding tests of ASIS2). For the side impact scenario, Wane developed a method in which the side shell plate was modeled as laterally loaded plate, and the deck and frame were modeled as denting modes. Calculations based on this method correlated well with existing experiments of Arita and Aoki"), etc.,
The successful applications of the newly identified failure models reveal that the development of the basic theory regarding the behavior of plate helps to provide good basis for simple methods. Future researches on the post-yield behavior of plate will expand the knowledge about the characteristic behavior of ship structures, and at the same time, help the efforts to find simple, yet reasonable method to predict ship's strength in accidents.
. Conclusions
Post-yield behavior of ship plates are investigated in this paper. Six structural failure modes are identified that are characteristic of the behaviors of ship plates when subjected to very large load. Through theoretical analysis, new formulas for the load-carrying capacity are derived. Energy dissipation due to fracture is small and therefore is not taken into account. It is shown that geometry of loading object has strong influence on the load-carrying capacity of structure. It is suggested that future research should take the parameter describing the external object into account.
By using these failure modes, very simple methods can be constructed to predict the structural strength when the ship is exposed to extraordinary large load. Researches reported in this paper are helpful for understanding the behavior of ship plates, and provide convenient and economic tools to evaluate the strength of ship structures when subjected to extraordinary large load. 
